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Abstract: A sensor designed to detect bio-molecules is presented.
The sensor exploits a planar 2D photonic crystal (PC) membrane with
sub-micron thickness and through holes, to induce high optical fields
that allow detection of nano-particles smaller than the diffraction limit of
an optical microscope. We report on our design and fabrication of a PC
membrane with a nano-particle trapped inside. We have also designed and
built an imaging system where an optical microscope and a CCD camera
are used to take images of the PC membrane. Results show how the trapped
nano-particle appears as a bright spot in the image. In a first experimental
realization of the imaging system, single particles with a radius of 75 nm
can be detected.
© 2012 Optical Society of America
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1. Introduction
To make medical diagnosis more efficient and accurate, better instruments for specific detection
of common pathogens are needed [1–3]. Accurate monitoring of contamination in sources of
water- and food can prevent outbreak of disease [4]. Monitoring biological hazards has also
been called for in the combat against bio-terrorism [5]. A solution to these challenges is sensors
that can capture and detect very low concentrations of specific proteins, viruses, bacteria, etc.,
in samples where the concentration of non-targeted substances is many orders of magnitude
higher. That is, biosensors with high specificity and sensitivity.
Commercially available instruments fit on a benchtop and detect a number of biological
markers. Even hand-held devices are offered. Albumin, C-Reactive protein and lipid detection
can be done with a stationary device the size of a shoe box [6], while hand-held glucose, fertility
and pregnancy tests, can be bought in general pharmacies. By making sensors efficient, cheap
and small, we provide solutions for point-of-care and in-home testing. The use of expensive
and time-consuming labs run by professional personnel can hence be avoided.
Micro- and nano-fabrication techniques can in general provide devices that are small, reliable
and cheap, and recent developments suggest that the next generation biosensors will be made
exploiting this technology [7,8]. While platforms using electric or mechanical transducers exist
[9–12], biochemical sensor platforms with optical readout seem particularly promising. Optical
readout provides compatibility with the wet environment presented in a biological system [13,
14], and can also be done without physically interconnecting the light source, transducer and
light detector [4, 15].
Some of the most sensitive biosensors with optical readout today are based on dielectric pho-
tonic crystals (PCs) [16–21] and nanoplasmonics [22–28]. They all rely on surface chemistry
to capture specific target molecules. Specificity is hence mainly provided by chemical means.
The sensitivity is limited by transducer design, where the fundamental aim is to maximize the
concentration of light where captured target molecules settle.
For dielectric PC sensors, their ability to concentrate light into a very small detection volume
has been exploited to demonstrate sensitivities close to a single molecule [19, 20]. However,
these schemes have strict alignment requirements, because light must be coupled into single-
mode waveguides in order to lead light to the detection volume . Alignment is an expensive,
time-consuming process, rendering such sensors unsuitable for point-of-care applications. Sen-
sors based on nanoplasmonics, on the other hand, are tolerant regarding alignment and still
show impressive sensitivities [22–28].
In this paper we propose to combine the convenient light coupling found in nanoplasmonic
sensors and the high electromagnetic field intensities obtainable in dielectric PCs, in a dielectric
PC membrane. PC membranes are in general comprised of a thin slab with a periodic in-plane
variation in permittivity. They can in many ways be considered as regular slab waveguides, but
in addition to having a series of guided modes, they also exhibit a group of modes called guided
resonances [29,30]. Coupling to guided resonances can be done by normal incidence light, and
produces high fields in the membrane [31]. A small particle placed in this field will absorb
energy from the guided-resonance mode field. The particle will reradiate the absorbed energy
in all directions. An adapted imaging system can then refocus the radiation on a CCD sensor,
giving rise to a bright spot in the resulting image.
A novel planar 2D dielectric PC membrane has been developed to demonstrate this detection
principle. We present the basic working principle, processing techniques and preliminary re-
sults from optical characterization. Detection of a single particle with∼75 nm radius is demon-
strated.
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2. Design of photonic crystal membrane and working principle
The basic elements of the sensor are summarized in Fig. 1. At the core of the sensor there is
a planar dielectric membrane with through holes. Fig. 1(A) illustrates how the membrane is
free-standing, permitting gas or fluid samples to be physically pushed through the holes in the
membrane. The optical effect of two nano-particles trapped inside the membrane is illustrated
in Fig. 1(B). It has been simplified to illustrate the idea that nano-particles are detected by a
CCD camera as bright spots on a dark background. We will further explain how this concept
can be realized.
Fig. 1. A summary of how the sensor works. (A) A sample is pumped through the PC
membrane and two particles are caught in the membrane holes. (B) Captured particles are
detected as bright spots on a dark background by an optical microscope and a CCD-camera.
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Fig. 2. (A) Cross section and (B) top view of the designed photonic crystal membrane. (C)
Simulated transmittance and reflectance for a normal incidence plane wave is given as a
function of wavelengths from 490 to 692 nm.
2.1. Simulations of perfectly periodic photonic crystal membranes
The current PC membrane is comprised of holes arranged in a square lattice, nominally with
period a = 490 nm and radius r = 145 nm. As illustrated in Fig. 2(A) and (B), the holes are
etched in a three layered thin-film stack, formed by Si3N4 and SiO2 with nominal thicknesses
t1 = t2 = t3 = 50 nm.
The spectral response of the PC membrane, to linearly polarized normal incidence plane
waves, has been simulated using rigorously coupled wave analysis (RCWA) in 3D, imple-
mented in a Matlab based simulation software [32]. The spectral bandwidth of the simulation
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is bound by:
a < λ <
√
2a, (1)
where a is the lattice period and λ is the wavelength in the medium surrounding the membrane.
We motivate this choice in the text below.
Plots of transmittance and reflectance as a function of wavelength are given in Fig. 2(C)
for the structure in Fig. 2(A) and (B). Asymmetric resonant features, known as Fano lines,
appear in the spectrum at 491, 575 and 631 nm. They can be interpreted as a slowly varying
response, corresponding to what is found in homogeneous slabs, interfering with three fast
varying Lorentzian shaped signals, formed as a result of incoming light coupling to guided
resonance modes [30]. Consequently, we expect the electromagnetic field in the membrane to
be amplified in the spectral vicinity of the three wavelengths 491, 575 and 631 nm.
Full field simulations, for normal incidence linearly polarized waves, have been performed
for the guided resonance mode at 631 nm. Results show how the polarization is approximately
conserved. Moreover, light couples to a “TE-like” guided resonance mode field that concen-
trates in the holes. This is intuitive, since the electromagnetic field is mainly polarized in the
membrane plane and the normal component of the electric displacement field must be contin-
uous at air-membrane-boundaries [33]. The field hence concentrates in the holes as a result of
permittivity contrast between the membrane materials and the air in the holes. An increase in
contrast between air and the membrane material, will in general induce higher electromagnetic
fields in the holes. Note that, the complex geometry of three thin films is not chosen based on
optical properties. Using this structure, the center layer, inside of holes, is chemically differ-
ent than the membrane outer surface. In a biosensing application, surface chemistry can hence
be used to functionalize the inside of holes to capture target particles, while the membrane
outer surface can be passivated [34]. In this way, target particles tend to stick at positions with
maximum optical field intensity, ensuring maximal sensitivity.
Requiring λ > a, the discrete translation symmetry in the PC membrane ensures that there
are no diffracted waves for normal incidence waves. In that case, the optical response of the PC
membrane is particularly simple. There are only two non-evanescent waves to which a normal
incidence field can couple: One transmitted and one reflected wave, both with wave vectors
normal to the membrane plane. The transmitted and reflected power is bound to the 0’th order
of diffraction.
Placing a particle in the PC membrane breaks the discrete translation symmetry. Power is
then no longer bound to the 0’th order of diffraction, but can appear also in higher diffraction
orders. The details of this process are complicated, but can be greatly simplified by considering
a particle of limited size. We will consider particles that are so small that the field distribution in
the PC membrane is approximately unchanged by the presence of a particle in the membrane.
The total optical response, as seen from a detector placed outside the membrane, is then a
superposition of the scattered light from the particle on the transmitted and reflected wave.
2.2. Rayleigh scattering model for defects
The particle will scatter the field in its location, and as mentioned above, the field is approxi-
mately linearly polarized for normal incidence linearly polarized waves. To find the scattered
power from the particle, we model the particle as a dielectric sphere with relative permittivity
εp surrounded by a medium with permittivity εm, illuminated by a harmonic linearly polarized
plane wave with amplitude Ep and vacuum wavelength λ . The sphere is assumed to be small,
i.e.
rp ≪ λ/(2pi√εp). (2)
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The sphere will scatter light, radiating a wave similar to that of an ideal dipole, a phenomenon
known as Rayleigh scattering [35]. The total scattered power from one single sphere is
PR =
4pi
3
√
ε0
µ0
(
2pi
λ
)4 ∣∣∣∣ εp− εmεp +2εm
∣∣∣∣
2
ε
5
2
m r
6
pE
2
p. (3)
In our context, this result is clearly an approximation. When the particle is placed inside a
hole in a PC membrane, the induced electric dipole fields from the particle will induce dipoles
in the hole wall. PR must hence depend on the PC membrane geometry and the particle location.
However, if we also impose the condition that rp ≪ r, where r is the radius of holes, and place
the particle in the middle of a hole, the contribution from the particle dipole to the electric field
inside the membrane is negligible. We can then use Eq. (3) with Ep representing the field in a
membrane, at the location of the particle, with no particle present.
The scattered power, PR, can then be considered as the potential change one single particle
can constitute on a detector. Maximizing the sensitivity hence involves maximizing PR. Investi-
gating Eq. (3), we find that a variation in λ will maximally change PR by a factor of 4 over the
range of relevant values. In order to detect small particles, the parameter to maximize is hence
Ep.
This involves designing a PC membrane that supports guided resonance modes that produce
high electromagnetic field intensities in the PC membrane. In theory, the obtainable field inten-
sity is limited by how small we can make the holes [30]. However, a reduction of the hole radius
has two notable consequences. It is generally followed by a narrowing of the guided resonance
bandwidth, and make the resonant modes sensitive to any changes from nominal design. Imper-
fect periodicity or general defects can cause narrow banded resonances to disappear in practice.
Secondly, as the hole radius is reduced, the PC membrane will gradually become similar to a
slab with waveguiding properties. Scattered light from a particle trapped in the PC membrane,
will spread over a larger area as the radius of holes is reduced. The obtainable field intensity is
hence set by processing accuracy, and the guided resonance field enhancement always comes
with a trade-off in imaging resolution.
In conclusion, by working at wavelengths where harmonic linearly polarized normal inci-
dence fields couple to guided resonance modes, PC membranes can be used to produce high
electromagnetic field intensities. If they are small enough, particles trapped in the membrane
can then be treated as dipole sources similar to ideal dipoles. Their scattered power is then
described by Eq. (3).
A dipole source placed inside a PC membrane can couple light into guided modes and can be
trapped in the membrane indefinitely. However, if λ <
√
2a, no guided modes can exist. Light
can couple into guided resonance modes, but all the scattered power from a small particle will
at some point exit the membrane and can potentially be picked up by a detector on the outside
of the membrane. Moreover, if the particle can be treated as a source similar to an ideal dipole,
it will radiate a spherical-like wave.
Spherical waves can be refocused to spots in an imaging plane. Picturing the membrane with
a microscope with backside illumination and a CCD-camera, we hence expect pixels corre-
sponding to the location of particles to appear as bright spots when incident light couples to
guided resonance modes. The contrast will be dependent on the field amplitude and phase at
the location of the particle, and the amplitude and phase of the scattered light relative to the
transmitted wave.
As seen from a detector outside the membrane, it is not clear that a scattering particle trapped
in a PC membrane radiates spherical-like waves. The distribution of scattered irradiation from
the particle will be strongly influenced by the PC membrane dimensions and particle position.
Scattered irradiation can also be partially guided by the PC membrane, to be spread over a
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larger area. However, we will ignore these effects for now and see how the ideal dipole model
can explain the measurement results.
3. Fabrication and experimental setup
Standard semiconductor production techniques were used to make a thin film stack of
Si3N4/SiO2/Si3N4 on 200 µm thick silicon wafers, with double-sided polishing. A film of
Si3N4 was deposited using low pressure chemical vapor deposition (LPCVD). Next, the SiO2
film was formed by poly-Si LPCVD, followed by thermal oxidation. Finally, another film
of Si3N4 was deposited using LPCVD. Refractive index and thickness was measured with a
HORIBA Jobin Yvon PZ2000 632.8 nm Laser ellipsometer and estimated by curve fitting us-
ing the least square method. Surface roughness was not measured.
A lithography step was performed to open a 700x700 µm square in the thin film stack, on
the backside of the wafer. This was done with a period of 10 mm in two dimensions before the
wafer was diced into 10x10 mm chips. On the front side of the chips, E-beam lithography with
a 30kV Raith150 system and reactive ion etching (RIE) with a Plasmalab System80Plus from
Oxford Instruments was done to produce the PCs. The nominal design was a quadratic pattern
with a hole radius of r = 145 nm and a lattice period of a = 490 nm.
The PC membranes were freed by etching in tetramethylammonium hydroxide (TMAH) at
a temperature of 80 oC. The etch rates of Si and Si3N4 were 26.6±1 µm/hour and 5±1 A˚/hour,
respectively. The total etching time was 490 min. A 39 min over etch was done to ensure that
no Si was left on the backside (cavity side) of the membranes. The front side was not protected
during etching. Referring to Fig. 2, layer 3 was hence etched for 490 min, and layer 1 nominally
for 39 min. All chips were inspected by scanning electron microscopy (SEM). SEM imaging
software was used to measure the period and radius of the PCs.
Finalized membranes were characterized using a custom built optical setup. The setup is
illustrated in Fig. 3. It is comprised of a standard 35W halogen lamp, an Oriel Cornerstone
130 1/8 m Monochromator, an Olympus BX61 TRF microscope and an Olympus F-view II
CCD camera. The light from the halogen source is guided via the monochromator by a set
of lenses and optical fibers, to provide the microscope with collimated monochromatic back-
side illumination with normal incidence and divergence 0.01−0.02 rad. The bandwidth of the
monochromator is 1.5±0.5 nm. The CCD camera only sees the transmitted light, and the re-
flected light is discarded. The used microscope objective is an Olympus UPlanFL 40x/0.75
NA. At this magnification, one pixel on the CCD screen corresponds to 0.16x0.16 µm2 on the
membrane surface.
4. Results and discussion
Processed PC membranes were free-standing in the center of 1 cm2 chips. Chip and PC dimen-
sions are illustrated in Fig. 4(A). The refractive index at 638.4 nm was measured to 1.998±0.01
and 1.464±0.01 for Si3N4 and SiO2, respectively. No optical quality degradation due to me-
chanical stresses in the thin films was observed. Stress in the Si3N4 is tensile and will overcom-
pensate the compressive stress in the SiO2, stretching the membrane and preventing deforma-
tion. An incline of the hole walls and rounded edges are pointed out in Fig. 4(A). These features
have not been quantified, but are to some extent unavoidable with the current methods used to
free etch the membranes.
SEM images in Fig. 4(B) show a real PC membrane and reveal two defects in the PC. In
the lower right corner of the image, a lattice defect that extends 2-3 periods in the vertical
direction and 1.5 in the horizontal. A nano-particle with radius 75±25 nm has settled inside
a hole shown in the lower left of Fig. 4(B). These defects were introduced non-intentionally
during the fabrication process, but they are well-suited objects for preliminary studies.
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Fig. 3. A halogen light source connected to a monochromator provides the microscope with
backside illumination with tunable wavelength. A photonic crystal membrane is placed
in the field of view and imaged with a CCD-camera. Transmitted intensity through the
membrane can hence be measured with spatial resolution, and as a function of wavelength.
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Fig. 4. (A) Illustration of photonic crystal (PC) membrane chip after processing. (B) SEM
images show top views of the PC membrane. Two defects in the PC membrane have been
magnified.
We have not determined the material composition of the defects, so their permittivity is
not known. Based on the materials present in our fabrication facilities, it is limited to a range
between 2.25 and 12.25. The lower limit is comparable to the permittivity of relevant biological
target particles, which typical have a permittivity between 2 and 2.5 [36]. Using Eq. (3) and air
as the surrounding media, εm ≈ 1, we can then find a relative measure of the scattered intensity
from the trapped nano-particle compared to a relevant biological particle of the same size. In
the worst case, the biological particle has permittivity 2, while the nano-particle trapped in the
PC membrane has a permittivity of 12.25. In that case, the scattering intensity will be a factor
of 10 higher for the nano-particle trapped in the PC membrane.
Images were taken with the optical setup in Fig. 3 at wavelengths between 490 and 692
nm. The set of pixels M, defined in Fig. 5, was averaged to provide a measure of the average
transmittance of the PC membrane. The result is given in Fig. 6(A).
Two dips in transmission can be seen around 566 and 630 nm. They correspond to the dips
found in simulations represented by Fig. 2(C) around 575 and 631 nm, and imply that the
fabricated structure supports guided resonance modes. We can hence expect to have an am-
plification of the field inside the membrane in the spectral vicinity of wavelengths 566 and
630 nm. The difference between measured and simulated results, can be attributed to the devi-
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Fig. 5. Images of the PC membrane taken with the CCD camera at nine different wave-
lengths. The dashed black line bounds pixels M and correspond to the hole matrix. Pixels
P and L are centered at pixels corresponding to the two defects in the PC membrane. The
color bar shows pixel values, normalized with respect to the transmitted intensity recorded
without the membrane present, at each wavelength respectively.
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Fig. 6. (A) Average value of pixels M, defined in Fig. 5, corresponding to the transmittance
of the PC membrane as a function of wavelength. (B) The average of pixels M is compared
to average values of pixels P and L. Pixels P and L are also defined in Fig. 5, and corre-
spond to the trapped nano-particle and lattice defect, respectively. Pixel values of the CCD
camera have been normalized with respect to the transmitted intensity recorded without the
membrane present, at each wavelength respectively.
ation from nominal thickness and inhomogeneities in hole radius and lattice period over the PC
membrane, caused by limitations in fabrication accuracy. Moreover, the simulations are based
on perfectly plane monochromatic incident waves. In realty, the output of monochromator has
a finite bandwidth and the collimated beam a divergence. In measured transmittance, this will
appear as broadening of the guided resonance bandwidths and an increase of peak values for
the two dips.
From section 2.2, we then expect small particles in the membrane to show increased scatte-
ring and appear as bright spots on the CCD camera, provided that the particles are size limited
by Eq. (2) and rp << r, where r is the radius of holes. In this respect both the lattice defect and
the nano-particle are too large, and the approximation that the field distribution in the membrane
is unaffected by their presence is not necessarily correct.
Indications of the latter can be seen for the lattice defect. A selection of nine images, taken at
nine different wavelengths between 600 and 650 nm, is given in Fig. 5. They show the view of
the CCD camera, as the wavelength is scanned past the dip centered at λ = 630 nm. The large
lattice defect is visible on all pictures, but there is no clear indication of increased scattering as
a function of coupling to guided resonance modes. To the contrary, it stands out more clearly
at 600 nm, where we expect the field in the membrane not to be amplified. Its effect is also not
especially large compared to its size, indicating that what we see is simply the particle being
imaged. In conclusion, the behavior of the large lattice defect can not be approximated by small
particle scattering theory. The analysis of the lattice defect is further complicated by the fact
that it is close to the edge of the PC membrane, where the field distribution of the incident field
is affected by edge effects.
The nano-particle, on the other hand, behaves very differently and clearly shows increased
scattering at wavelengths where we expect the field in the membrane to rise. At 600 nm the
particle is barely visible. The field in the membrane is expected to be low, and so is the scat-
tering amplitude. Moreover, the background is maximized, inducing minimal contrast. When
increasing the wavelength, we expect the light to couple to the guided resonance mode at 630
nm and the field inside the membrane to increase. The particle should start to appear as a bright
spot. Indeed it does, and the contrast between the background and the spot gradually increases
as the average transmittance decreases and more light couples into the guided resonance mode.
Optical characterization of the membrane has also been done in the spectral region around
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the dip at 566 nm. The dip in transmittance at 566 nm is not as deep as the one at 630 nm,
possibly because the 566-nm resonance is more sensitive to deviations from perfect periodicity
and other defects from fabrication. Furthermore, near 566 nm we find no significant difference
between the spectra of pixels M (representing the nano-particle in the PC membrane) and pixels
P (representing the average transmittance of the PC membrane), so we confined our attention
to the spectral region around 630 nm, where such a difference is evident.
The contrast between pixels corresponding to the location of the nano-particle and the aver-
age transmittance is given in Fig. 6(B) as a function of wavelength. The average value of pixels
P, defined in Fig 5, is plotted together with the average transmittance. The frame holding the
set of pixels P is centered at the location of the nano-particle. It shows how maximum contrast
is reached at 626 nm. As we pass 626 nm, the contrast between the particle and the background
decreases. This is counter intuitive, because we expect the field intensity in the membrane to
peak closer to 630 nm. However, the observation can be explained as follows: For normal inci-
dent light and λ > a, the optical response is particularly simple. The sum of sources from each
unit cell of the membrane produce a transmitted field that is bound to the 0’th order of diffrac-
tion. It can be defined with an amplitude and a phase. Treating the nano-particle with small
particle scattering theory, we can imagine that it radiates like a dipole. It also has an amplitude
and a phase. The contrast is hence not only dependent on amplitude, but also on phase. The
phase of the dipole should be the same as the guided resonance mode field at the specific loca-
tion of the particle. Considering how the phase of the mode field at that location is in general
different from the phase of the mode field average over the unit cell, we do not expect there to
be a one-one relation between contrast and the amplitude of the guided resonance mode field.
Finally, we note that the molecules we are interested in detecting are found in liquid samples
as blood, saliva, urine, etc. In biosensing it is hence most relevant to focus on detection of nano-
particles in water. The current PC membrane has been design for detecting nano-particles in
air, and the consequence of using the current sensor in water is considerable. The permittivity
in the material surrounding the PC membrane then increases to ∼1.7 for visible light [38],
and will in general completely change the spectral response of the PC membrane. In order to
ensure field enhancement through coupling of incident light into guided resonance modes, the
membrane and lattice geometries will need to be redesigned. Moreover, the scattered intensity
from nano-particles in the Rayleigh regime is proportional to the permittivity contrast between
the scattering particle and the surrounding material squared, |εp−εm|2. Increasing εm will hence
lead to a reduction in scattered intensity. In conclusion, adapting the sensor to detect nano-
particles in water will require a change in membrane geometries, and will to some degree
reduce the sensitivity.
5. Conclusion
The current system can easily detect and spatially locate single particles with radius down to
75 nm in air. Our measurements indicate that detection is a result of amplified small particle
scattering, provided by coupling of the incident light to guided resonance mode fields supported
by the PC membrane. This is a useful effect, because in that case, each hole in the membrane
can effectively work as a sensor for single nano-particles, and the large number of holes ensures
a great dynamic range. As described in the section above, we also see the potential for designing
PC membranes for detection of particles in water-based solutions.
The sensor is based on small particle scattering, so the sensitivity can be increased by produc-
ing PC membranes supporting resonant modes that produce high electromagnetic field intensi-
ties in the PC membrane. This is attainable since field intensities produced by resonant modes
are in theory only limited by how small we can make the holes [30], and production techniques
continue to reach new levels of accuracy. That said, field enhancement through coupling to
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guided resonance modes always comes with a trade-off in image resolution. The latter issue
has not been investigated in detail. Is considered a topic for further research, but will effect the
dynamic range of the sensor. It can also effect the contrast, since the scattering amplitude of the
particle, as seen from a detector outside the membrane, will be reduced as the scattered power
spreads over a larger area.
As it stands today, the sensor is not a biosensor, but the membrane is designed to be used
in one. The complex geometry of the thin stack arranges for chemical passivation of the Si3N4
surface, while the SiO2 inside of holes can be functionalized to capture specific bio-molecules.
Target molecules will settle at positions of maximum optical field intensity, ensuring maximal
sensitivity. Furthermore, the large number of holes provides a means for efficient processing of
large samples. Pushing samples through the membrane instead of flushing them over, has been
shown to be an efficient way of making particles in the sample interact with the membrane sur-
face [37]. Since a target molecule has to touch a functionalized surface in order to be captured,
through holes enhance the likelihood of target capture.
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